Previous investigations have demonstrated the presence of both superoxide dismutase and catalase enzymes in several intracellular pathogens, including a number of mycobacterial species. These enzymes are believed to be involved in the protection of the pathogen from the bactericidal products of oxidative metabolism. Superoxide dismutase and catalase were identified in crude extracts of Mycobacterium ulcerans by polyacrylamide gel electrophoresis. Inhibition experiments showed that the superoxide dismutase probably contained manganese as the metal cofactor. Other mycobacterial species examined for comparison produced bands of superoxide dismutase activity with a different mobility to that of M. ulcerans, suggesting possible structural differences between the enzymes.
Introduction
Mycobacterium ulcerans infection produces progressive skin ulcerations in man, particularly in tropical countries [I] . The success of this organism as a human pathogen relies in part upon its ability to survive ingestion by the phagocytic cells of the host immune system. Superoxide dismutase (SOD; ED 1.15.1.1 .) and catalase (EC 1.11.1.6) enable bacteria to evade damage from reactive oxygen intermediates produced within phagocytes [2] . SOD catalyses the dismutation of toxic superoxide radicals into molecular oxygen and hydrogen peroxide, and catalase converts the microbicidal hydrogen peroxide to water and molecular oxygen. The combined action of SOD and catalase have been shown to be important in intracellular survival of bacteria [2] . SOD enzymes can be placed into one of three classes, according to the metal present at their active centre. Manganese-containing enzymes (Mn-SOD) are found both in prokaryotes and mitochondria, while the ironcontaining SODs (Fe-SOD) are found predominantly in prokaryotes [3] . These enzymes are very similar in protein sequence and structure, suggesting that they have evolved from a common origin. In contrast, copper/zinc SODs (CdZn-SOD) appear to have arisen independently, and are found typically in the cytosol of eukaryotes. Catalase activity is found in almost all cells, except for certain bacteria such as most obligate anaerobes and many of the lactic acid bactera. The present study investigated the SOD and catalase activity of M. ulcerans.
Materials and methods

Bacterial strains
Clinical isolates of M. ulcerans were provided by Ms Z. Blacklock (Microbiology and Pathology Laboratory, Queensland Health, Brisbane, Australia). Cultures of M. fortuitum, M. phlei and M. smegmatis were obtained as freeze-dried preparations from the Department of Primary Industries, Townsville, Australia. The organisms were grown in Dubos Broth (Difco, Sydney, Australia.) containing sheep serum 5%, and were incubated at 30°C with constant agitation. The M. ulcerans cultures were allowed to reach maturity and used to inoculate slopes of Middlebrook 7H11 Agar containing OADC enrichment (Difco), and cultivated for a firther 6 weeks.
Preparation of crude extract
Organisms were harvested from agar slopes and transferred to 1.5-ml polypropylene tubes (Sarstedt, Germany) containing 1 ml of distilled water. After washing three times, the cell suspensions were ultrasonicated in an icebath for 12 min at an amplitude setting of 6 p m (1 00 Watt Ultrasonic Disintegrator) in 40-s bursts with 10-s intervals. The samples were then centrifuged at 12000 g for 10 min at 4°C in a microcentrifuge (Beckman). The supernate was removed and passed through a 0.45-pm filter (Sartorius, Germany). Protein concentrations were determined with the BCA protein estimation kit (Pierce, USA).
Polyacrylamide gel electrophoresis
Native polyacrylamide gel electrophoresis (PAGE) of crude extract (25 pg) combined with loading buffer, containing neither SDS nor P-mercaptoethanol, was performed in a mini-gel system (BioRad, USA) at
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Superoxide dismutase activity SOD activity in native polyacrylamide gels was determined by the nitroblue tetrazolium (NBT) method of Beauchamp and Fridovich [4] . SOD activity was visible after several minutes as an achromatic band against a blue background. A Mn-SOD (Sigma) and an Fe-SOD (Sigma), both isolated from Escherichia coli, were used as standards. SOD activity was detected as described by McCord and Fridovich [5] . Under the defined conditions, the amount of SOD required to inhibit the rate of reduction of cytochrome c by 50%, is defined as 1 unit of activity. This is expressed as units/ mg of protein.
Determination of SOD metal cofactor
After electrophoresis and incubation in NBT solution at room temperature, gels were immersed in TEMEDriboflavin-potassium phosphate solution containing one of: 2 mM potassium cyanide, 5 mM hydrogen peroxide, 2 mM sodium azide or 5 mM sodium azide [3] . In addition, a sample of the cell-free extract was treated with SDS 2% at 37°C for 30 min before electrophoresis. Mn-SOD and Fe-SOD isolated from E. coli (Sigma) were used as controls. Cyanide inhibits the Cu/ Zn-SOD, but not Mn-SOD or Fe-SOD [3]. Hydrogen peroxide inactivates both the Cu/Zn-SOD and the Fe-SOD, but not the Mn-SOD, whereas sodium azide inhibits the enzymes in the order: Fe-SOD > Mn-SOD > Cu/Zn-SOD. Treatment with SDS 2% at 37°C for 30 min has been shown to inhibit the activity of only the Mn-SOD [3].
Catalase activity
Catalase activity was detected as described previously [6] , and was visible almost instantly as an achromatic band against a brown background. A catalase extracted from beef liver (Sigma) was used as a control. Catalase activity was quantified as described previously [7] .
Results
Superoxide dismutase activity
SOD from M. ulcerans moved with an Rf of 0.38.
Under the same conditions, the Mn-SOD and the Fe-SOD of E. coli moved at Rf values of 0.24 and 0.41, respectively (Fig. 1 a) . Other mycobacterial species used as controls in the gels showed the presence of SODS moving at similar Rfvalues of c. 0.43 (Table 1) . M. fortuitum and M. smegmatis showed multiple bands of activity. The total SOD activities of the crude extracts tested are shown in Table 1 . All mycobacterial species tested had very similar activities, with values between 17.3 and 23.9 unitdmg. Of these, the activity of M. ulcerans was the lowest (1 7.3 U/mg).
Determination of SOD metal cofactor
The combination of characteristic sensitivities of the three forms of SOD to cyanide, hydrogen peroxide and sodium azide allowed the form of the enzyme present in the cell-free extract of M. ulcerans to be determined. The SOD activity of M. ulcerans was not inhibited by treatment with 2 mM cyanide, 5 mM hydrogen peroxide or 2 mM sodium azide, whereas 5 mM sodium azide completely inhibited activity. This was the same pattern of inhibition as that exhibited by E. coli Mn-SOD (Fig. 2) . In contrast, E. coli Fe-SOD was inhibited by all the reagents except cyanide. Incubation with SDS 2% inhibited the SOD activity of M. ulcerans; E. coli Mn-SOD and Fe-SOD were not tested with SDS.
Catalase activity
Electrophoresis of the crude extracts showed a single band of catalase activity for M. ulcerans, whereas multiple (two or three) bands were detected in other mycobacterial species tested (Fig. 1 b) . The mobilities of each of these bands, and the corresponding total activity for each of the species tested are listed in Table 1 .
Discussion
The data from inhibition experiments presented here demonstrate that the SOD from M. ulcerans is able to utilise manganese, and is possibly a Mn-SOD. The SOD enzyme has previously been purified from five other mycobacterial species: M. phlei [8] , M. tuberculosis [9] , M. smegmatis [lo] , M. lepraemurium [ 1 11 and M. leprae [12] . With the exception of M. tuberculosis, which employs iron as its metal ligand [13] , manganese-containing enzymes have been isolated from the other mycobacterial species. It has been suggested that the SOD synthesised by M. tuberculosis differs from those synthesised by the non-pathogenic mycobacteria, as the enzyme from this species is secreted into the medium during logarithmic phase growth, whereas it remains localised in the cytoplasm of the non- testing. As it is an extremely slow growing organism, it may take up to 3 months for the typical colonial morphology of M. ulcerans to appear.
In addition to a SOD, the present study demonstrated catalase activity in M. ulcerans. Catalase activity is an important biochemical test often used to characterise mycobacteria. Based on the standard semi-quantitative assay, M. ulcerans is described as being catalase negative. However, the assays used here are far more sensitive than the semi-quantitative assay and have been shown previously to recognise activity not otherwise detected [ 161.
The development of disease involves many complex interactions between the pathogen and its host, particularly for intracellular pathogens. An increased knowledge of these interactions will lead to a better understanding of how best to combat the organism and thus control the disease. Further immunological studies are required to determine the role of both catalase and SOD in the intracellular survival of M. ulcerans and their importance during the development of ulcerans disease.
